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ABSTRACT 

An  examination  has  been  made  of  resolution  in  programmed  temperature 
gas  chromatography.  If  the  resolution  of  two  chromatographic  peaks  is 
defined  as  the  ratio  of  their  separation  divided  by  their  average  base- 
width,  then  it  has  been  shown  theoretically  that  resolution  may  be 
expressed  as  follows: 

f  (ta  -  tb  )  yr 

R  =  r  VT  4 

iR 

where  F  is  the  flow-rate  of  carrier  gas,  r  the  heating  rate  for  the 
chromatographic  analysis,  1A  and  Tg  are  the  retention  temperatures  (i.e. 
column  temperature  at  peak  emergence)  for  the  two  compounds  A  and  B,  VT 
is  the  average  isothermal  retention  volume  for  the  two  compounds  as 
measured  at  their  respective  retention  temperatures  and  N  is  the  number 
of  theoretical  plates  in  the  column. 

The  resolution  may  be  divided  into  two  parts,  one  characteristic  of 
the  solute --solvent  interaction  and  the  chromatographic  program  and  which 
has  been  designated  as  the  "intrinsic  resolution",  Rj_,  and  the  other 
dependent  on  the  number  of  plates  in  the  column.  Thus 

R  =  Rj_  (  /n/4). 

The  relation  of  intrinsic  resolution  to  retention  characteristics 
and  program  has  been  examined.  It  has  been  found  that  for  pairs  selected 
from  many  different  types  of  compounds  the  relationship  of  intrinsic 
resolution  to  program  as  expressed  by  F/r  is  of  the  same  general  shape. 
Intrinsic  resolution  reaches  a  relatively  constant  value  with  increasing 
F/r  ratio  at  a  value  of  F/r  of  about  ten  for  most  pairs  of  compounds. 

Conditions  for  maximum  resolution  in  programmed  temperature  gas 


chromatography  have  been  suggested.  These  conditions  are: 
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the  optimum  where  N  is  a  maximum  and  heating  at  a  maximum  limited  only  by 
keeping  the  F/r  ratio  greater  than  ten.  The  time  for  an  analysis  may  be 
shortened  with  minimum  loss  of  resolution  by  increasing  both  flow-rate 
and  heating  rate. 
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INTRODUCTION 


A  separation  by  chromatography  is  based  on  the  partition  of  a  sub¬ 
stance  between  two  phases  -  one  stationary,  the  other  moving.  The  sub- 
seance  is  eluted  by  the  moving  phase  at  a  velocity  dependent  on  the 
partition  coefficient.  These  phases  may  be  gas-liquid,  gas-solid,  liquid- 
liquid,  or  liquid-solid.  The  general  term  gas  chromatography  applies  to 
separation  by  partition  between  gas  and  liquid  or  gas  and  solid. 

Gas  chromatography  has  been  a  rapidly  expanding  field  of  endeavour 
since  1952  when  James  and  Martin  (30)  published  an  article  dealing  with 
the  separation  and  estimation  of  volatile  acids  by  gas-liquid  partition 
chromatography.  In  an  earlier  paper  published  in  19^1  dealing  with 
liquid-liquid  partition  chromatography,  Martin  and  Synge  (4l)  had  suggested 
the  use  of  gas-liquid  chromatography  for  analytical  separations  but  in  the 
interval  no  one  took  up  their  suggestion. 

Gas  chromatographic  separations  have  in  the  past  been  carried  out 
mainly  under  isothermal  conditions.  Techniques  for  the  quantitative 
analysis  of  components  have  been  fairly  well  standardized  and  many  data 
are  available  in  the  literature.  A  somewhat  newer  technique,  programmed 
temperature  gas  chromatography,  involves  a  continually  rising  column 
temperature  during  the  course  of  the  chromatographic  separation.  Adequate 
theories  have  been  worked  out  for  retention  temperatures  and  retention 
volumes  in  programmed  temperature  gas  chromatography  but  up  to  now  no 
satisfactory  theory  has  been  advanced  related  to  the  resolution  (relative 
separation)  of  components.  In  this  thesis  an  examination  has  been  made 
of  the  factors  involved.  It  was  not  found  possible  to  give  a  completely 
general  theoretical  development  and  therefore  a  number  of  typical  cases 
have  been  chosen  to  cover  the  whole  range  of  practical  interest.  A 
number  of  practical  separations  have  also  been  examined. 
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Also  included  are  three  appendices  dealing  with  related  aspects  of 
programmed  temperature  chromatography  which  required  investigation  during 
the  course  of  the  work.  These  topics,  which  are  of  considerable  practical 
interest  to  persons  wishing  to  undertake  programmed  temperature  chroma¬ 
tography  and  which  have  not  been  adequately  dealt  with  in  the  literature 
are  the  effect  of  column  dead-space  on  the  calculation  of  retention 
temperatures  and  resolution;  the  relationship  between  fractional  band 
impurity  and  resolution;  and  methods  for  the  analytical  evaluation  of  the 
integral  relating  retention  temperatures  and  program. 
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REVIEW  OF  LITERATURE 

A.  THEORY  OF  ISOTHERMAL  GAS  CHROMATOGRAPHY 

Retention  Volume  and  Distribution  Coefficient 

A  theory  of  chromatography  relating  the  volume  of  fluid  required 
to  develop  a  chromatogram  to  the  distribution  coefficient  was  given  by 
Martin  and  Synge  (4l)  in  194-1.  The  theory  involves  the  concept  of  the 
theoretical  plate--i.e.  that  a  continuous  column  can  be  divided  into  a 
number  of  layers  in  each  of  which  an  equilibrium  between  the  stationary 
and  moving  phases  is  established.  The  theoretical  plate  is  defined  as 
the  thickness  of  layer  such  that  the  concentration  of  solute  in  the  mobile 
phase  issuing  from  it  is  in  equilibrium  with  the  mean  concentration  of 
solute  in  the  stationary  phase  throughout  the  layer.  Since  the  definition 
of  plate  involves  the  mean  concentration  it  takes  account  of  non-equil¬ 
ibrium  of  the  moving  phase  with  the  concentration  of  solute  at  the  exit 
of  the  plate.  One  may  think  of  the  mobile  phase  as  moving  in  pulses  one 
plateful  at  a  time.  Two  simplifying  assumptions  were  made:  firstly, 
that  diffusion  from  one  plate  to  another  is  negligible  and  secondly, 
that  the  distribution  coefficient  of  the  solute  between  the  two  phases 
is  independent  of  the  absolute  concentration  of  the  solute  or  of  other 
solutes. 

By  means  of  the  binomial  theorem,  the  following  expression  for 
the  amount  of  solute  in  a  particular  plate  was  developed: 

Or  +  1  (v/rv)rexp(r  -  v/v)  (l) 

where 

r  =  serial  number  of  the  plate 

Qr+-^  =  amount  of  solute  in  the  r  +  1  plate 
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v 

H 

V 

Am 

As 
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If 


L 
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effective  volume  of  the  plate  =  H(Am  +  K  As) 
height  of  plate 

volume  of  mobile  phase  used  to  elute  the  center  of  the 
solute  band  to  the  r'kk  plate 
cross-sectional  area  of  mobile  phase 
cross-sectional  area  of  stationary  phase 

distribution  coefficient  =  Amount  of  solute  per  unit  volume 

Amount  of  solute  per  unit  volume 

of  stat.  phase 

■  ■  ■  ■■■  ■« 

of  Mobile  phase 


length  of  column,  then 

total  number  of  theoretical  plates  =  L/H  , 


When  the  centre  of  the  solute  band  reaches  the  end  of  the  column,  i.e. 


when  r  =  N, 


0^  =  1//27F t  =  y/2rnT 

When  r  is  large  (greater  than  100 )  the  binomial  curve  becomes 
identical  with  the  normal  curve  of  error  (Gaussian  distribution) 

where  t  is  the  standard  deviation.  The  advantage  of  the  Gaussian  curve  is 


that  it  is  much  more  amenable  to  mathematical  calculation.  A  plot  using 
equation  1  for  r  =  100  of  Q  against  V/v  is  shown  in  figure  1.  It  has 
been  reproduced  from  (4l). 

The  treatment  of  van  Deemter  et  al.  (48)  gives  rise  to  a  Poisson 
distribution  which  also  at  high  values  of  N  becomes  the  Gaussian  curve. 
(See  34  for  additional  references). 

The  retention  volume  is  defined  as  the  volume  of  carrier  gas  which 


has  entered  the  column  when  the  center  of  the  solute  band  is  just  leaving 
the  column.  That  is,  the  retention  volume  is  V  for  the  Noh  plate.  From 
the  definitions  given  above 


Retention  Volume  =  V  =  N  v  =  i  (Am  =  K  As)  =  V^#So  +  KVS  (2) 

H 

where  s  is  the  volume  of  the  column  dead-space  and  Vs  is  the  volume 
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A  modification  to  the  theory  was  made  by  James  and  Martin  (30)  to 
allow  for  the  compressibility  of  the  mobile  phase.  A  compressible  mobile 
phase  increases  in  velocity  from  inlet  to  outlet  of  a  column  because  of 
the  decreasing  pressure.  The  expression  developed  was: 

=  |  ((pi/p0)3  -  i)/((pi  -  p0)2  -  1)  (3) 

where  V°  is  the  limiting  retention  volume  when  there  is  no  pressure  drop 
across  the  column,  pj_  is  the  inlet  pressure  to  the  column  and  pQ  is  the 
outlet  pressure.  Hereinafter  V  will  refer  to  the  limiting  retention 
volume . 

As  would  be  expected,  it  is  found  experimentally  that  at  constant 
temperature  the  retention  volume  of  a  solute  will  be  constant  for  a  part¬ 
icular  solute -solvent  system.  The  basis  for  separations  of  different 
solutes  is  then  different  partition  coefficients  between  the  two  phases 
which  result  in  different  retention  volumes. 

Experimentally,  it  has  been  found  that  when  log  (V  -V-,  _  )  is 
plotted  against  reciprocal  temperature  a  straight  line  is  obtained.  (See 
39  and  44)  The  partition  coefficient  to  which  retention  volume  is  pro¬ 
portional,  is  related  to  the  heat  of  solution  of  the  solute  in  the  solvent 
by  the  equation 

K  =  A*  exp.  (  aH/RT) 

The  heat  of  solution  is  therefore  proportional  to  the  slope  of  the  log 
(Vr  -  Vq.s.) — reciprocal  temperature  line. 

Peak  Jidth  and  Number  of  Theoretical  Plates 

Each  chromatographic  band  or  peak  can  be  presented  as  a  plot  of 
solute  concentration  in  the  carrier  gas  leaving  the  column  against  time 
or  the  total  volume  of  carrier  gas.  These  curves  are  very  close  to 
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Gaussian  or  standard  error  curves*  The  width  of  a  chromatographic  peak 
can  be  characterized  by  the  standard  deviation  of  an  error  curve  and  the 
method  most  used  in  gas  chromatography  for  finding  the  number  of  theor¬ 
etical  plates  in  a  column  from  the  normal  error  curve  involves  measuring 
the  distance  between  the  base-line  intercepts  of  the  tangents  to  the  curve 
at  the  inflection  points.  These  intercepts  are  located  two  standard 
deviations  on  each  side  of  centre.  As  has  been  shown  by  Martin  and  Synge 
(4l),  one  standard  deviation  represents  fW  where  N  is  the  number  of  plates. 
The  ratio  of  the  time,  t,  taken  for  the  centre  of  the  zone  to  emerge 
(measured  from  the  time  of  injection  of  the  solute)  to  the  time  taken  for 
the  portion  of  the  zone  two  standard  deviations  on  each  side  of  the  centre, 
w,  is  equal  to  N/4  /n.  Therefore,  (see  figure  2) 

N  =  l6  t2/w2 


For  programmed  temperature  chromatography,  Harrison  et  al.  (29) 
suggested  for  the  number  of  plates,  what  is  effectively  the  same  expression 
as  that  for  isothermal  gas  chromatography,  viz: 

^  ^  f  Volume  of  gas  to  peak  maximum  .  chart  speed  j 
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This  formula  gives  rise  to  values  of  N  which  increase  steadily  with 
increasing  retention  volume  -  a  totally  unreasonable  situation. 

Habgood  and  Harris  (2 6)  pointed  out  that  (assuming  N  is  independent 
of  temperature)  the  solute  band  in  programmed  temperature  gas  chromato¬ 
graphy  would  be  expected  to  spread  through  the  same  number  of  plates, 
aN,  by  the  time  it  reached  the  end  of  the  column  as  it  would  in  iso¬ 
thermal  chromatography.  Thus  the  correct  general  relationship  is 

N  =  16  (n/aN)2  (4) 

and  a  correct  interpretation  of  this  in  terms  of  gas  volumes  in  programmed 
temperature  gas  chromatography  is 

N  =  l6  )2  (5) 

AV 

where  is  the  retention  volume  which  would  be  found  for  isothermal 

elution  at  retention  temperature  and  AV  is  retention  volume  corresponding 
to  peak  width.  The  common  chromatographic  expression  as  used  by  Harrison 
is  correct  only  for  isothermal  chromatography. 

Van  Deemter,  Zuiderweg  and  KLinkenberg  (48)  have  related  the  height 
of  a  theoretical  plate,  H,  (i.e.  the  length  of  the  column  divided  by  the 
number  of  theoretical  plates)  to  three  factors. 

Their  equation  may  be  given  as  H  =  A  +  B/u  +Cu  where  u  is  the 
linear  velocity  of  the  carrier  gas  and  A  is  a  constant  arising  from  eddy 
diffusion  in  the  column,  B/u  is  the  contribution  of  longitudinal  diffusion 
of  the  solute  in  the  mobile  phase  and  Cu  is  the  effect  due  to  the  resis¬ 
tance  in  the  liquid  phase  to  mass  transfer  of  the  solute  between  phases. 

The  equation  is  that  of  a  hyperbola  with  minimum  A  +  2(BC)1/"  at 
u  =  B/C1/2.  At  low  carrier  gas  velocities  H  is  governed  by  B,  while  at 

high  velocity  C  is  the  controlling  factor.  This  means  that  there  is  one 
velocity  for  each  carrier  gas  at  which  the  column  is  operating  at  maximum 
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efficiency.  It  must  be  noted  that  u  varies  along  the  column  due  to  com¬ 
pressibility  of  the  mobile  phase  and,  therefore,  all  sections  of  the  column 
will  not  be  operating  at  equal  efficiency. 

The  factors  contributing  to  H  are  apparent  from  the  complete  A,  B, 
and  C  terms  of  the  van  Deemter  equation.  The  eddy  diffusion  term, 

A  -  2  Xd^,  where  X  characterizes  the  manner  in  which  the  particles  are 
packed  and  dp  is  the  average  particle  diameter,  is  independent  of  solute, 

solvent  or  operating  conditions.  The  molecular  diffusion  term  is  B  =  ^D^, 

gas*7 

where  Dgas  i-s  ‘-■he  diffusivity  of  the  solute  molecules  in  the  carrier  gas 
and  X  is  a  correction  factor  for  the  tortuosity  of  the  gas  channels  which 
counteracts  the  molecular  diffusion  to  a  certain  extent.  The  resistance 
to  mass  transfer  term,  which  is  assumed  to  be  entirely  in  the  liquid  phase, 
is 


(6) 


where  K*  =  ^Fq^q/Fgag)*  and  K  is  the  distribution  coefficient  of  the 
solute,  F^q  and  Fgas  axe  the  fractions  of  cross  section  occupied  by  liquid 
and  gas  phase  respectively,  Dqqc^  is  the  diffusivity  of  the  solute  molecules 
in  the  liquid  phase  and  df  is  the  effective  thickness  of  the  liquid  phase 
on  the  particles  of  solid  support. 

A  number  of  modifications  of  the  basic  van  Deemter  equation  have 
been  suggested  by  other  workers  (l6,  19,  37  >  3^,  and  4.6  ).  An  additional 
term,  Du,  for  resistance  to  mass  transfer  in  the  layer  of  stagnant  gas 
surrounding  the  liquid  has  been  suggested  by  Khan  (37)  as  having  the  form 
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where  is  the  "effective  depth"  of  the  gas  phase ,  ^  and  are  the 
absorption  and  desorption  rate -constants  respectively.  A  somewhat  similar 
expression  has  been  suggested  by  Kieselbach  (38).  IChan  suggests  a  term 
of  the  form  Eu  for  the  interfacial  resistance  to  mass  transfer: 
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*gas 


(iu 

k2 


F 

lil  u 

k.  cr~ 


(8) 


where  CP  is  the  surface  area  per  unit  column  length.  This  term  may  be 
of  importance  particularly  at  high  flow-rates  and  low  specific  surface 
areas.  Lastly,  he  suggests  a  term,  F/u,  for  longitudinal  diffusion  in 
the  liquid  phase. 


Fliq 
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gas 

This  term  is  presumably  very  small. 
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Effect  of  Temperature  and  Solute  on  Plate  Height 

It  is  worth  examining  the  qualitative  effects  of  temperature  and 
solute  on  the  terms  of  the  van  Deemter  equation.  This  discussion  follows, 
with  some  extensions,  an  analysis  by  Keulemans  and  Kwantes  (38).  The 
effects  on  the  terms  suggested  by  other  workers  will  not  be  dealt  with  in 
detail  but  some  experimental  results  from  the  literature  will  be  quoted. 

The  eddy  diffusion  term  as  was  stated  previously  is  independent  of 
temperature  and  of  solute.  Molecular  diffusion  in  the  gas  phase  involves 
the  diffusivity  of  the  solute  in  the  gas.  An  empirical  equation  has  been 
developed  by  Gilliland  (17)  for  gas  diffusivity 


D 


0.00^3  T 


3/2 


AB  = 


p(va1/3+  Vg1/3)2 


1  1 

— -  +  — 


M/ 


M- 


B 


1/2 


J.V  ’  -  .  ^ 


ov±,  .  .  ■ 


i  ■  .  (  ) 

:• 


/ _ »  «.V'  . 


1  ) 
v  ) 


\  - 


t  •  v  -w  «.  • 


•  '  V  .  ^  ,*  4  l- 


.  •  ••  •-  . .  J 


.  .  v-  ,  ;  r.i n. 


'  . '  ‘  ■  •  ■ 


,  ■  ;  • .  v.  ~  /  .  .w  ‘ '  c' 


/• 


•  (  :) 


...  ... 


.  i  *  - .  -  - 


.V  ...  V 


-  r  -  <r  ’•  r  ■  -  *  • 

-  .  .  .....  .  .  V  4  ... 


u  r.  .  :  .  > 


,ov.L  . 


i.  .  .  .  _  w.  ... 


. 

,.r.  c  .  ....  /•:  V 

.  .  .  .  "  '  Cr- .-  f  iy- 

"•c .. :  ■.  ( yj  i  n.  ■  ,  *  ■ •  • 


f  * 

'  J  V  1  .V.  .  .  .  .  .  w..  . 


'  •  :•  ...  o 


( .  ) 


- -  ,  i 


-11- 


where 

D ^g  is  the  diffusivity  of  A  in  B,  cm2/ sec., 

T  is  the  absolute  temperature, 

and  Mg  are  the  molecular  weights  of  A  and  B, 
P  is  the  total  pressure  in  atmospheres  and, 

VA  and  Vg  are  the  molecular  volumes  of  A  and  B. 


It  can  be  seen  that  a  rise  in  temperature  will  increase  the  gas  diffus¬ 
ivity  and  broaden  the  plate.  An  increase  in  the  molecular  weight  of  the 

_  ,l/2 

solute  will  not  greatly  effect  the 


1_  +  1 

MA 


term  when  the  carrier 


gas  is  helium  or  hydrogen  since  the  molecular  weight  of  the  solute  will 
generally  be  large  compared  with  that  of  these  carrier  gases.  However, 
the  molecular  volume  term  will  be  increased  with  increase  in  molecular 


weight  in  a  homologous  series  which  will  decrease  the  diffusivity  and 
decrease  the  plate  height. 

The  temperature  dependence  of  resistance  to  mass  transfer  in  the 
liquid  phase  is  rather  complex.  Both  the  distribution  coefficient,  K*  and 

the  diffusivity,  Ppiq  are  affected.  Plots  have  been  made  (figure  S)  of 

K* 


the  distribution  coefficient  terns  K*  and 


against  temperature, 


(1  +  K«) 

Data  for  these  plots  were  obtained  from  the  plots  of  log  against  l/T 
given  for  ethyl,  n-propyl  and  n-pentyl  alcohols  by  Littlewood  et  al.  (39)» 


The  value  of 


K* 


(1  +  K*  ) 


2  increases  with  temperature  up  to  a  maximum  value 


where  K*  =  1  and  then  falls.  The  temperature  corresponding  to  the  max¬ 
imum  is  above  that  which  would  normally  be  used  and  therefore  this  term 
may  be  considered  to  increase  plate  heights  with  increase  in  temperature. 
Diffusion  in  the  liquid,  to  which  mass  transfer  is  inversely  proportional, 
increases  with  increase  in  temperature.  The  Einstein  equation  (ll)  for 
diffusion  in  a  liquid  state: 
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where  k  is  Boltzraan’ s  constant,  ^  is  the  viscosity  of  the  solvent  and  r 
is  the  radius  of  the  solute  molecule  (assumed  spherical).  Since  the 
viscosity  of  a  liquid  is  decreased  with  increase  in  temperature,  the 
diffusion  coefficient  is  increased  all  the  more  strongly.  The  plate  height 
due  to  this  factor  is  thus  decreased  by  a  rise  in  temperature.  Since  the 
two  factors  in  the  mass  transfer  term  oppose  one  another  it  can  be  seen 
that  the  mass  transfer  contribution  may  increase  or  decrease  with  temp¬ 
erature  depending  on  the  relative  contributions  of  the  two  factors. 

Some  experimental  effects  of  temperature  on  plate  height  are  shown 
in  Figure  3»  These  are  measurements  by  de  Wet  and  Pretorius  (7)  of 
H.E.T.P.  at  a  constant  velocity  near  the  minimum  for  n-pentane  as  solute 
on  a  column  of  liquid  paraffin  on  Celite,  and  measurements  of  H.E.T.P. 
vs.  temperature  data  at  high  velocities  where  C  is  the  major  contributor 
to  H  obtained  by  Habgood  and  Harris  (27)  and  by  Lutwick  (40).  Qualita¬ 
tively,  the  curves  are  of  the  same  general  shape.  They  all  pass  through 
a  minimum. 

Variation  of  C  from  one  solute  to  another  at  constant  temperature 
will  occur  because  of  changes  in  K*  and  Pqj_Q‘  As  seen  in  Figure  (5), 
increasing  K  will  decrease  term  K*/(l  +  Kf  )2  for  most  temperatures.  It 
is  difficult  to  generalise  about  Dlic|.  In  Figure  (4)  plots  of  carbon 
number  against  H.E.T.P.  for  two  velocities  one  near  the  minimum  and  one 
above  show  a  decrease  for  the  homologous  series  propane  to  n-octane.  Data 
for  this  plot  were  obtained  from  Habgood  and  Harris  (27)  and  show  the 

p 

dominance  of  the  K*  /(l  +  K*  )  term. 
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On  the  other  hand  Duf field  and  Rogers  (10)  found  H  to  decrease 
with  increase  in  (i.e.  increase  in  K* )  for  three  compounds  not  in 
a  homologous  series. 
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B.  PROGRAMMED  TEMPERATURE  GAS  CHRCMAT  OGRAPHY 

The  raising  of  the  temperature  of  a  chromatographic  column  was  a 
logical  development  from  isothermal  chromatography.  When  a  mixture  of 
components  with  a  wide  range  of  boiling  points  is  submitted  to  gas  chrom¬ 
atographic  separation  at  a  constant  temperature  closely  spaced  peaks  of  the 
components  with  lower  boiling  points  are  followed  by  peaks  at  much  greater 
intervals  of  the  higher  boiling  compounds.  Raising  the  temperature  con¬ 
tinuously  during  the  course  of  the  elution  lessens  the  time  taken  for  the 
higher  boiling  materials  to  come  through  the  column  and  also  gives  chrom¬ 
atographic  peaks  which  are  more  uniform  in  shape.  Thus  the  wide  variation 
in  peak  height  to  peak  width  ratio  so  often  seen  in  isothermal  chromato¬ 
grams  is  largely  prevented  and  quantitative  measurements  are  made  easier. 

A  number  of  workers  have  made  use  of  the  technique  of  programmed 
temperature  chromatography,  in  which  the  temperature  of  the  column  is 
continuously  raised.  To  insure  attaining  reproducibility  of  the  temper¬ 
ature  program  two  procedures  have  been  followed.  The  first  way  is  to 
supply  heat  to  the  column  at  a  uniform  rate  (e.g.  by  supplying  a  constant 
voltage  to  a  resistance  heater)  and  prevent  heat  loss  as  much  as  possible. 
This  gives  a  gradually  falling  rate  of  temperature  rise  but  if  conditions 
are  exactly  the  same  each  time,  the  temperature  program  will  be  reproduced. 
The  second  method  is  to  maintain  a  uniform  rate  of  temperature  rise. 

The  following  papers  have  been  published  on  programmed  temperature 
gas  chromatography.  Green  and  co-workers  (21  -  23)  have  used  columns  of 
alumina  and  of  activated  charcoal  continuously  heated  during  elution  to 
separate  mixtures  of  low-boiling  gases  and  hydrocaroons.  Griffiths  and 
colleagues  (2^4-)  used  partition  columns  which  were  headed  during  the 
elution  to  separate  mixtures  of  alkyl  chlorides.  Uillard  ec  cEL.  (l_, 
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used  a  partition  column  to  separate  organic  bromides.  Drew  and  McNesby 
(9)  separated  air  and  hydrocarbons  on  columns  of  Vycor  glass  and  Pelletex. 
Guild  and  his  fellow-workers  (25)  separated  mixtures  of  hydrocarbons, 
particularly  motor  gasoline.  Ryce  and  Bryce  (45)  used  partition  columns 
to  separate  volatile  organic  sulfur  compounds  and  pentanes.  McFadden  (42) 
used  partition  columns  raised  in  temperature  at  a  constant  rate  to  separate 
alkyl  halides.  Dal  Nogare  and  co-workers  (3>  4)  described  an  apparatus 
for  maintaining  a  uniform  rate  of  temperature  rise.  They  separated  mix¬ 
tures  of  hydrocarbons  and  of  alcohols.  Harrison  and  his  colleagues  (29) 
also  describe  a  device  for  raising  the  temperature  of  a  column,  linearly, 
reproducibly,  and  at  a  controlled  rate.  Sullivan  and  his  co-workers  (47  ) 
describe  the  nonlinear  programmed  temperature  chromatographic  separation 
of  some  mercaptans  and  organic  sulfides.  Eggertsen  and  his  colleagues 
(12)  used  programmed  temperature  chromatography  on  hydrocarbon  mixtures 
to  obtain  information  analogous  to  that  obtained  from  analytical  distill¬ 
ations  • 

Theory  of  Programmed  Temperature  Chromatography 

The  relation  between  isothermal  retention  volumes  and  linear  pro¬ 
gram  temperature  retention  volumes  has  been  determined  by  Habgood  and 
Harris  (26).  Their  development  will  be  reproduced  here  as  a  foundation 
for  further  development  in  the  theory  of  programmed  temperature  chroma¬ 
tography. 

Let  F  =  flow  rate  measured  at  25 °C  and  corrected  to  a  mean 
column  pressure. 

VT  =  retention  volume  at  constant  temperature,  T,  measured 
from  the  time  of  injection,  t  =  0  to  t  =  tR  where  tR  = 
retention  time,  i.e.  time  from  injection  of  the  sample 
to  emergence  of  the  maximum  concentration  of  the  solute 
r  =  rate  of  temperature  rise  of  the  column. 
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The  retention  volume  at  constant  temperature  is  the  integrated 
to oal  carrier  gas  flow  from  the  time  of  injection  of  the  sample  until  the 
emergence  of  the  maximum  concentration  of  solute. 

vT  =  \crF  at  (9) 

O' 

Since  V,p  is  a  constant  for  a  particular  component ,  equation  (9) 
may  be  changed  to 


do) 


but 


dt  = 


dT 

r"~ 


since  the  temperature  is  rising  at  the  rate  of  r  degrees  per  minute. 

If  Tq  is  the  temperature  of  the  column  at  the  time  of  injection, 
tQ,  and  Tr  is  the  temperature  at  the  time  of  emergence,  tR,  of  the  peak 
maximum,  then  equation  (10)  may  be  written  as 


(11) 


If  the  ratio  F/r  is  kept  constant  it  may  be  taken  outside  the  integral 
to  give 


Tr  2E  =  r/F 
T0  VT 


(12) 


For  any  particular  column  and  solute  the  retention  temperature, 

Tr,  from  a  given  initial  temperature,  Tq,  will  depend  only  on  the  ratio 
r/F.  The  relationship  may  be  determined  from  isothermal  retention  volumes 
by  making  the  indicated  integration  or  determined  directly  by  a  number  of 
r/F  programs.  Curves  relating  r/F  to  temperature  are  useful  for  giving 
expected  retention  temperatures  for  various  programs. 
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For  the  evaluation  of  the  integral  in  equation  (12)  advantage  may 
he  taken  of  the  linear  dependence  of  log  (V  -  V-,  )  on  the  reciprocal 

temperature.  From  plots  of  log  (Vip  _  v^.s,)  against  reciprocal  temper¬ 
ature,  values  of  retention  volume  can  he  obtained  which  on  adding  V, 

Q  •  S  • 

for  the  particular  apparatus  will  give  V<j.  If  plots  of  l/Vq«  against 
temperature  are  made,  then  the  required  integrals  are  the  areas  under 
the  curves  from  the  arbitrary  starting  temperature  to  higher  temperatures. 

The  effect  of  gradients  in  pressure  and  velocity  along  the  column 
were  neglected  since  it  was  felt  that  the  ratio  of  the  velocity  of  the 
solute  relative  to  that  of  the  carrier  gas  was  increased  so  strongly 
with  rising  temperature  towards  the  outlet  that  the  pressure  effect  would 
he  negligible  except  for  columns  in  which  the  ratio  of  inlet  to  outlet 
pressure  is  very  high. 

Dal  Nogare  and  Langlois  (5)  have  derived  an  expression  for  the 
retention  time  in  a  programmed  temperature  chromatogram  which  takes 
account  of  the  change  in  pressure  along  the  column.  Their  expression 
with  a  change  in  nomenclature  to  conform  with  symbols  used  so  far  is: 


tr  = 


L  .  _ 


1  +  (2JMT/Pq2)  (1  -  c  )  PpMgA  (1  +  a  exp  b/T) 

MET 


ax 


(13) 


where 

pt  and  p0  are  the  inlet  and  outlet  pressures,  respectively, 
(to  the  column),  x  is  the  distance  from  the  column  inlet,  L 
is  the  column  length,  R  is  the  gas  constant,  M  is  the  mass 
flow  rate  of  carrier  gas  in  grams  per  minute,  Mg  is  the  mol¬ 
ecular  weight  of  carrier  gas,  A  is  the  cross -sectioned,  area 
of  mobile  phase,  a  and  b  are  constants,  r  is  the  rate  of 
temperature  rise  of  column,  and  J  is  a  temperature  dependent 


•  ; 


'•  r 


J  ‘  j  L 


-  v) 


.  .  * 


* 


■) 


* 


l.|U  ^  . 


J  /.  - ;  .  ..  .!  /'I:!  •  v.:  v/  -.:j  :: 


.  -..V  _ 


ji'.l  .  -J  .  r.yv  o  J- 


.  ;  v.  „v  •!  ..  .v  .  . 


O  tj  .  L  .  .  »  -  — 


■  •  ■*  * 

«•  •  •  <•  ’  *  * 


f  ’  *  -  r:  ■ '  •  r  '  r 

V..  U  K  SJ  «  -  .  .  .  . 


>  .  yj  .  -  v  v.  . 


_  -j  £\  -j:  -  f.-.U.*:*  oil 


*  *  -  r  • 

..  -  v  .  >- 


~  ■  -*  '  -  1  .  .  V  .  ^ 


\  ,  J  ■  • 


A.  .  /  -  4.  • 


.  -  •  i  i  ••••  •  r 

^  .w  .  .  .  u  V.  '  J.  -  . 


::  . ....  : 


.  '  .  .  •  :  '  •  :  ■ ...  ^  ' .  :  '  :  : 


(  r) 


•  -ji,  L.,r:  i;.'  ov  ri  to  b  ri: 

(  ,  •  -■’)('  r  \  "> :) 


.  -u 


_  :  f;  .  . 


^  *  •  1  •  -  - 


.  jj  1.  :  .•  c. .  ,‘l  X  i .  ‘ 


•:  •  •  t . 


c  r  •  v 

f  V  .....  *  •  •  .  ^  *  ■ 


<(  :  .r. .  :  o  o;’ ) 


••  .  i  .  .  . 


:  .  V  •  D  o,  ..  .'.V. 


. ■  V. .  .t  »  v  .  . 


■  V.  j  V  \ 


;  ;i  T,  :  ^  f.  [.  . 


-21- 


parameter  proportional  to  the  viscosity  of  the  carrier  gas  and  the 
resistance  to  flow  afforded  by  the  packing. 

The  form  of  this  equation  is  similar  to  that  of  Habgood  and  Harris 
in  that  it  involves  a  term  connected  to  the  dead-space  of  the  column  and 
a  term  related  to  the  distribution  coefficient  of  the  solute. 

Resolution  of  Components 

A  number  of  definitions  of  resolution  or  separating  efficiency  in 
gas  chromatography  have  been  proposed.  The  resolving  power  of  a  solvent 
for  a  particular  pair  has  been  defined  by  Ober  (^3)  as  the  time  interval 
between  the  peak  maxima  of  a  pair  of  solutes  divided  by  the  average 
elution  time. 


From  Figure  6  where  Y  =  retention  time, 

YP  -  Yi  ... 

Resolving  Power  =  — - - - - 

l/2(Y2  +  *l) 

Jones  and  Kieselbach  (33)  have  proposed  the  same  quantity  but  with 
only  Y2  in  the  denominator  rather  than  the  average.  While  Ober* s  expression 
is  preferable,  it  is  incomplete  since  it  takes  no  account  of  peak  widoh. 

pj}  fact,  equivalent  to  what  is  designated  as  intrinsic  resolution 

later  in  this  thesis. 

Resolution  has  been  defined  by  the  Nomenclature  Committee  of  the 
second  Symposium  on  Gas  Chromatography  at  Amsterdam  (l4)  as  ^he  difference 
in  retention  volumes  divided  by  the  average  peak  widths.  If  VA  and  Vb  &re 

the  respective  retention  volumes, 
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Resolution  =  A.  .  _ 

l/2(W1  +  W2) 


(15) 


This  is  the  definition  used  in  the  present  work. 

Glueckauf  (l8)  has  treated  the  subject  in  terms  of  fractional  band 


impurity. 


DEFINITION  OF  BAND  IMPURITY 


Figure  7  shows  the  overlapping  bands  for  components  A  and  B  with 
rn^  moles  of  A  and  mg  moles  of  B  respectively.  The  portion  of  B  which 
is  present  in  A  is  represented  by  A  mg  and  the  portion  of  A  present 
in  B  is  represented  by  A  nr  ° 

If  the  cut  is  made  so  that  the  fractional  band  impurities  are  equal 


(16) 


A 


A 


where  H 


are  the  respective  fractional  band  impurities. 


Glueckauf  arrives  at  the  equation 


1 


where 


and  oi  is  the  ratio  of  the  distribution  coefficients  of  the  two  components. 
A  set  of  curves  relating  the  number  of  plates  the  separating  factor >  eC  > 


and  the  fractional  band  impurity  t*  9  have  been  constructed.  These  have 
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been  plotted  on  logarithmic  probability  paper  on  which  parallel  straight 
lines  for  constant  values  of  «=<  relate  the  number  of  plates  and  the 
fractional  band  impurity.  This  plot  has  been  reproduced  by  Keulemans  (36)0 
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DEVE-L0B1ENT  OF  THEORY  OF  RESOLUTION  IN  PROGRAMMED  TEMPERATURE 

GAS  CHROMATOGRAPHY 


As  has  been  stated  earlier  the  main  objective  of  ^his  work  has 
been  to  study  the  factors  contributing  to  resolution  in  programmed  temp¬ 
erature  gas  chromatography  as  an  aid  towards  indicating  the  optimum 
conditions  of  operation  to  achieve  a  given  separation. 

While  a  number  of  papers  have  appeared  recently  dealing  with  the 
theory  of  programmed  temperature  gas  chromatography,  none  has  considered 
this  very  important  aspect. 

The  definition  of  resolution  in  programmed  temperature  chromatog¬ 
raphy  which  is  proposed  is  the  one  which  is  most  commonly  used  in  iso¬ 
thermal  gas  chromatography,  namely 

VA  -  VB 

Resolution  =  - 

A  Vave 

where  VB  and  VA  are  the  volumes  to  the  first  and  second  peak  maxima, 
respectively  and  A  Vave  is  the  average  of  the  volumes  corresponding  to 
the  peak  widths. 

The  separation  VA  -  VB  and  uhe  peak  width  /g  ^qyq  wi-H  examined 
separately . 

In  programmed  temperature  gas  chromatography  the  volumes  VA  and 


V.,-,  may  be  calculated  as  follows: 

.D 


F 


(18) 


where  TA  is  the  retention  temperature  of  compound  A,  Tq  is  the  starting 
temperature  and  r  and  F  have  their  usual  meaning.  Similarly, 

Tb  -  To 

VB  = 


r 


F 


(19) 
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and  therefore 


\  -  VB  =  ('TA  -  TR>  I 


B 


B* 


(20) 


since  F  and  TQ  are  the  same  for  both  compounds, 
r 

An  expression  for  ^  Vave  may  be  derived  from  the  definition  of 


N : 


16  (%): 


N  = 


(  AV)2 


(21) 


therefore 


4 

A  V  *  —  Vm 

,/r  tr 

' ’  ave  =  JIT"  VlRave 


(22) 

(23) 


Hereinafter,  vTr8Vs  be  designated  as  VTp.  Combining 


R‘ 


equations  20  and  23 


Resolution  = 


VA  -  vB  f  (tA  -  Tb) 


A^ave 


VTr 


jr 

4 


(24) 


The  expression  for  resolution  may  be  divided  into  two  parts,  one 
related  to  the  number  of  theoretical  plates  (  )  and  the  other, 

( F  ( "  -^B  ^  \  i 

tp-  — -  to  -the  program. 

vTr 

The  part  of  resolution  related  to  program  for  which  the  name 
intrinsic  resolution  is  proposed,  will  be  dealt  with  in  the  following 
work.  A  number  of  other  workers  are  presently  studying  the  factors 
affecting  N,  and  it  is  felt  when  a  sufficient  number  of  data  concerning 
N  from  isothermal  chromatography  are  available,  more  precise  correlation 
can  be  made  with  programmed  temperature  chromatography.  Therefore,  the 


principal  objective  will  be  to  examine  this  intrinsic  resolution: 


Ri  “  r 


F  (tA  "  tb) 


(25) 


•  - 

L,v) 

(•)  • 

. 

( :  0 
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The  expression  for  resolution  in  isothermal  chromatography  may  be 
developed  in  an  analogous  form.  Starting  from  the  definition 


- 


<VA  -  VB) 

( ^  ^av  )qi 


(26) 


one  may  substitute  for  the  average  peak  width  in  terms  of  the  number  of 


plates  using  the  definition  for  N 


Therefore, 


(VA  +  VB) 


4  L 

ziV 

4 


av 


( 


)  '  Js 


and  making  the  substitution,  one 


obtains 


*r  = 


(vA  -  vB) 

l/2(yA  +  VB) 


T 


ji¬ 

lt 


(27) 


By  analogy,  therefore,  one  may  separate  the  term  fll/k  and  define  the 
intrinsic  isothermal  resolution  as 


(^i^T  ” 


VA  "  VB 


l/2(yA  +  VB) _ 


(28) 


T 


This  quantity  may  be  compared  with  the  programmed  temperature 
intrinsic  resolution  ;  the  relative  total  resolution  may  then  differ  by 
differences  between  the  isothermal  -/5T  and  the  effective  programmed  -JlT 
due  to  changes  of  N  with  temperature.  It  will  be  noted  that  the  isothermal 
intrinsic  resolution  is  limited  to  a  maximum  absolute  value  of  2(where 
is  infinitely  large  or  negligibly  small  compared  with  Vg).  There  is 
no  such  limitation  on  intrinsic  resolution  in  programmed  temperature  gas 
chromatography.  Thus  programmed  temperature  gas  chromatography  offers 
promise  of  greater  resolution  than  can  be  obtained  isothermally.  This  is 
a  major  advantage  of  programmed  temperature  gas  chromatography  not  prev¬ 


iously  recognized. 


In  the  limit  of  high  F  and  low  r,  programmed  temperature  gas 


.  • .  7  '  o  -7  . 


(  :) 


(  -  ) 

(  ,,  ) 


-  .  V 


.  >  ,i  C  .v.  J  Jl. 


(V.:) 


\  .) 


-  •> 

( 7)  \. 


O'  .  ...  .. 


J,.  o  .  V.  -  » 


. 


/r  U ... '  . .  '.  '1.  v  ..  7  0-  : 


*  ,  ^  * 


(  :) 


V  . 


) 


-  .  ^ 


.0 


v 


.  ■  .  .  \.  :  ;  o  .  ,  ■  7\  . ■: 

:  '..7.7  ,  '  Xo; :  7  .  c  \  it.  7c  .'7:>o. -i  :  7  r7\:7 1 

Cv  ■  .  ^ 7  11*  J  :c  7  .  ,  ‘its  ....  o-  o  7'  7 


..  C'  —  .  W  >.  .  .U  ■  O  *,  L  _ _ 1 _ ..  V 


0 


’.a  c7  o:.7 


•: :  7 .  :  .  .  .....  :  >  u...  ....  ...  i.  ...  .  : ..  ;l:'0 

.  (  .  • :  .  .' 7  ...  .  .  ,  v. ' .  7  ; 


.  t.  ;  .  -j.  .u  7  '7; .  •  •  .  c  .  .......  7  7  7.':  .77  :f.i  on 

..  n.  ■ .  •.  .  u  /  ;  ...  ’j 

.  ,  ■  .  \  ■:  :.  .7  7.  o  '  •.  : 

'i  :  7  ,o  7  .7 7/  o  «::::;7;  o:  .  .;  . 

. 


-  -  ^ 


:  .  ; I  -Iju-x  .;o7.  Luz  7  il  7  .'  7.0  ;  7..77.  ui'.C  *  1 


-27- 


chroraatography  approaches  isothermal  gas  chromatography  at  the  starting 
temperature  and  the  limiting  is  the  isothermal  (R^)^  =  TQ  . 

In  the  limit  of  high  r  and  low  F,  F/r  approaches  zero  and  hence,  R 
approaches  zero. 

Since  the  quantities  (l^  -  Tg)  and  l/V^  from  the  theory  of  programmed 
temperature  gas  chromatography  are  functions  of  the  program  defined  by  ratio 
of  r  to  F,  R  will  be  presented  in  terms  of  the  ratio  F/r  which  is  one  of 
its  contributing  factors.  Dal  Nogare  (5)  has  presented  some  isolated 
observations  of  resolution  in  terms  of  this  ratio,  F/r. 

Although  both  the  terms  (T^  -  Tg)  and  l/Vip  depend  on  F/r,  their 
dependence  is  complex  and  it  was  not  possible  to  develop  a  completely 
theoretical  relationship  between  R^  and  F/r.  Therefore,  an  attempt  was 
made  to  determine  the  general  relationship  from  examination  of  a  number  of 
carefully  selected  situations. 

A  typical  plot  of  R^  versus  F/r  is  shown  in  Figure  (8)  for  the  pair 
of  compounds  n-heptane  and  n-hexane  on  a  column  of  Apiezon  L.  Data  were 
obtained  from  Habgood  and  Harris  (26).  The  intrinsic  resolution  increases 
rapidly  with  increasing  F/r  up  to  a  value  of  F/r  of  approximately  20  and 
then  remains  fairly  constant.  The  maximum  value  of  the  intrinsic  reso¬ 
lution  reached  is  in  this  case  very  close  to  the  value  at  F/r  =  oO  which 
is  the  isothermal  intrinsic  resolution  at  the  starting  temperature  (30°C). 

An  examination  of  intrinsic  resolution  has  been  made  for  a  number  of  other 


compounds. 
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APPLI CATION  OF  THEORY  TO  CALCULATION  OF  INTRINSIC  RESOLUTION 
IN  PROGRAMMED  TEMPERATURE  GAS  CHROMATOGRAPHY 

An  examination  of  intrinsic  resolution  in  programmed  temperature 
gas  chroma oography  along  with  the  factors  which  make  up  intrinsic  reso¬ 
lution  has  been  made.  In  order  that  the  study  may  cover  any  solute - 
solvent  pair  that  might  be  found  in  a  practical  analysis  a  number  of 
pairs  of  hypothetical  compounds  were  chosen  varying  over  a  wide  range  of 
retention  characteristics.  Following  this  some  actual  compounds  were 
considered . 

Retention  temperatures  were  calculated  by  a  numerical  integration 
of  equation  (12)  over  intervals  from  a  temperature  of  0°K.  to  higher 
temperatures  assuming  linear  log  V--reciprocal  temperature  relationship 
throughout  the  whole  temperature  range.  Actually,  some  curvature  does 
occur  but  for  moderate  temperature  ranges,  linearity  may  be  assumed.  For 
the  retention  temperatures  from  higher  starting  temperatures  the  appro¬ 
priate  section  was  picked  from  the  plots  of  retention  temperature  against 
r/F.  The  factors  which  make  up  intrinsic  resolution,  T^  -  Tg,  and 
1/VTk  were  determined  and  the  intrinsic  resolution  computed.  A  compar¬ 
ison  with  intrinsic  resolution  at  constant  temperature  was  made. 

In  the  evaluation  of  the  integral  of  dT/V^  for  the  calculation  of 
retention  temperature,  considerable  simplification  is  possible  in  the 
numerical  procedure  if  the  dead-space  volume  is  neglected  and  the  reten¬ 
tion  volume  from  the  air  peak  is  used  for  Vg  .  The  conditions  under 
which  dead-space  may  safely  be  neglected  are  discussed  in  Appendix  III. 

In  the  calculations  reported  here,  is  included  in  V<g  in  all  cases 

where  the  resultant  resolution  would  be  affected  by  more  than  1  or  2$. 

The  intrinsic  resolution  depends  on  the  solvent,  solute,  and 

program  but  is  independent  of  the  actual  packing  of  the  column  as 
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characterized  by  N.  For  purposes  of  practical  analysis  it  is  necessary 
to  consider  the  total  resolution  which  includes  the  effect  of  N.  While 
it  was  considered  outside  the  scope  of  the  present  work  to  attempt  a  full 
treatment  of  the  variation  of  N  with  temperature  and  solute  — a  subject 
of  considerable  complication  and  uncertainty  at  present  — some  quali¬ 
tative  conclusions  will  be  stated  later.  Some  examples  of  actual  pro¬ 
grammed  temperature  chromatograms  will  also  be  examined. 

Choice  of  Typical  Compounds:  Heat  of  Solution, A H,  and  Pre -exponential 
Factor ,  A. 

In  order  that  resolution  could  be  examined  for  all  likely  pairs 
of  compounds  that  might  be  encountered  in  practical  analyse s,  isothermal 
retention  volumes  for  a  number  of  compounds  were  examined  over  a  range  of 
temperature.  As  has  already  been  mentioned,  retention  volumes  at  con¬ 
stant  temperature  are  related  to  temperature  by  the  equation: 

VT  =  A  exp.  (AH/RT)  (29) 

Thus  isothermal  retention  behaviour  can  be  characterized  by  two  constants, 
A  and  Ah,  which  may  be  calculated  from  the  plot  of  log  retention  volume 
against  reciprocal  temperature.  A  survey  was  made  of  available  isothermal 
data  in  the  literature  together  with  unpublished  measurements.  Surpris¬ 
ingly  few  papers  give  retention  data  over  a  wide  enough  range  of  temper¬ 
ature  to  enable  A  and  A  H  to  be  accurately  calculated.  However,  Little- 
wood  et  al.  (39)  have  given  some  excellent  data  and  these  have  been 
extensively  drawn  upon.  Specific  retention  volumes,  VA,  defined  by 
Littlewood  as  the  retention  volumes  on  a  column  containing  one  gram  of 
stationary  phase,  were  used  throughout  the  calculations,  ihe  survey 
included  alcohols,  acetates  and  aromatics  on  columns  01  oilicone  70^  an*.*, 
tritolyl  phosphate  by  Littlewood  et  al.,  normal  hydrocarbons  and  halo- 
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Relatlcri  of  pre-exponential  factor,  A,  lo  neat  of  solu  io:  ,  A 
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genated  aromatics  on  a  column  of  Apiezon  L  by  Habgood  and  Harris  (2 6), 
alkyl  halides  on  columns  of  dinonyl  phthalate  and  silicone  702  by  Hardy 
(28),  hydrocarbons  and  alcohols  on  columns  of  di-isodecyl  phthalate  and 
squalane  oy  Porter,  Deal,  and  Stross  (44),  and  aromatics  on  a  column  of 
Apiezon  M  which  had  previously  been  measured  by  the  author.  In  figure 

9  are  shown  Jie  plots  oi  A  against  ^H  on  semi-logarithmic  paper.  It 

10  seen  thao  for  each  Homologous  series  (sometimes  excluding  the  first 
member)  a  linear  relationship  oetween  log  A  and  AH  exists.  These  var¬ 
ious  lines  were  approximately  parallel  and  fell  in  a  band.  While  only 
a  limited  number  of  series  are  included  they  cover  a  wide  range  of 
solvent- solute  interaction. 

It  seems  surprising  that  no  previous  mention  has  been  made  in 
gas  chromatographic  papers  to  this  linear  relationship  of  log  A  to  AH. 

It  is  perhaps  not  too  unexpected  since  one  of  the  factors  of  log  A  is  an 
entropy  term.  One  might  expect  the  entropy  to  parallel  the  heat  of 
solution  since  the  solute  molecules  are  held  more  firmly  at  a  high  heat 
of  solution  and,  therefore,  presumably  would  be  in  a  more  ordered  arrange¬ 
ment,  A  somewhat  similar  correlation  has  been  noted  by  Cremer  (2)  in 
kinetic  studies.  She  has  pointed  out  that  in  heterogeneous  reactions 
the  log  of  the  entropy  factor  is  linearly  related  to  the  energy  factor. 

It  can  be  seen  from  the  log  A--  g^H  plot  that  only  one  or  two  values 
of  A  for  each  value  of  AH  are  necessary  to  obtain  a  representative 
number  of  isothermal  retention  volumes  covering  most  solute -solvent  poss¬ 
ibilities.  The  hypothetical  compounds  selected  for  this  study  of  reso¬ 
lution  in  programmed  temperature  chromatography  are  marked  on  the  A--  AH 
band  in  figure  9*  They  represent  solute -solvent  pairs  in  which  the  heats 
of  solution  range  from  very  low,  through  intermediate  values  to  very  high. 


* 


/ 


:  ::  -  \.  \ 


j.  i.  -  *  •  •  -  •  •  .  j  . . 


\ r 


. 


• .  :  ...  ... 


.  V-  .  *  -  •  -  .  ■  - 


- 


o;  .  ..  j  < 


,  r  .  - 


.  •  '—y  c 


x:.»  c  -v.  v 


. 


-  .  . 


IY1C.  . 


v.  .  .  .Jjk  .  I  «  VJ  -  . 


.  • 

..  ^  ^  •  •  •  *• . .  '  ' 


. ».  • 


(  )  ' . L 


.  :  ;  ;  : ;.  i  C;  v  . . .  * .  ■ : .  ^ 


.  V  .  J 


.,  < .  .  c  ..  ",  ;o* . d  x  ol  i d 


.  . ,  c 


,  J  u  .  •  .v> 


.".  ...  .  .  '  .  .  '  ..  •  -V..  .  j  ,  .. 


......  v  1  .  ....  .  *  .  X.  <J  *. 


;  .j.  :....:  <  or:..:.  i:i  ..••.)  ..  . 


~  ^  .  .  j  .  v  G  .. .  ■  .  .  -•  <  •  ■  -L  .......  i  '  •  — 

—  C  .  ’  ..  _  .  ..  \  .  L.  .  A  .  «  .  .  .  l,  w  .  ,  •  -  •  -L  i  .  .  . 


i‘.  i\. 


y  .  ' a  '  C‘ .  .o  .  '..  .v .  V.;;  ..  c  .  c  ■  \  , 


»  J  V  .  isV.  .  ■  v  ••  -  '  •  •  -  • 


r  - 

.  —  •  •  V  •  .  . 


.'  •  •  •  •  *  r  r  •  r  r 

K.  .  »  —  .  v.  .  .  _  .  V.  ...  ..  ..  t~  #  ^  ...... 


c  .'  . .  ..  . .‘.  c  ~v  .  ■  .'  d  ”  a  . 


4.0 


-34- 


In  each  range  the  compounds  chosen  permitted  study  of  R-j_  for 
pairs  of  solutes  related  either  as  adjacent  members  of  a  homologous 
series  or  as  members  of  different  series  having  similar  retention  charac¬ 
teristics.  In  the  latter  case,  comparisons  were  possible  for  pairs  of 
solutes  having  the  same  A  H  and  different  A*  s;  the  same  A  and  different 
A  E*  s;  and  different  AH’s  and  A’ s  but  in  opposite  sense  to  members 
of  the  same  series. 

Figure  10  shows  the  plots  of  log  Vg  versus  reciprocal  temperature 
for  all  the  hypothetical  compounds  used  in  this  study.  In  the  figure  and 
hereinafter  in  text  compounds  will  be  identified  by  the  pre -exponential 
factor  and  the  heat  of  solution  in  the  following  way:  10-3 O  9,000  when 
A  =  lO"-*^  (3<>l6  x  10"4)  ml.  and  =  9,000  calories  per  mole. 

It  is  interesting  to  note  that  order  of  isothermal  elution  of 
members  of  a  homologous  series  reverses  at  high  temperature  according  to 
these  plots  of  log  V — l/T.  Such  crossing  has  not  been  observed  experi¬ 
mentally,  perhaps  because  the  temperatures  involved  are  somewhat  higher 
than  would  normally  be  used  for  gas  chromatography.  Also  over  consider¬ 
able  ranges  of  temperature  the  curvature  of  the  A  H — reciprocal  temper¬ 
ature  relationship  may  be  sufficient  to  prevent  this  crossing. 

In  the  intermediate  A  H  range  the  pair  10"  J  9>000,  10  10,000 

while  being  related  as  adjacent  members  of  a  homologous  series  had 
retention  volumes  somewhat  closer  together  than  for  an  actual  homologous 
series  pair.  Thus  resolution  difficulties  were  accentuated.  Among  the 
compounds  pairs  corresponding  to  more  widely  separated  members  of  a 
homologous  series  could  be  selected. 
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The  Intrinsic  Resolution  of  some  Typical  Pairs  of  Compounds 

Figure  11  shows  the  plots  of  r/F  versus  temperature  for  all  compounds 
considered  over  integrals  from  0°K.  to  higher  temperatures.  The  calculation 
of  r/F  when  a  different  starting  temperature  is  used  may  be  made  by 
adjusting  the  r/F  corresponding  to  the  desired  starting  temperature  to  zero 
and  subtracting  from  the  r/F  values  for  higher  temperatures  the  adjustment 
so  made. 

Intrinsic  resolution  depends  on  the  retention  characteristics  of  the 
two  compounds  (  z\H  and  A)  as  expressed  in  the  r/F  versus  Tr  plot  and  on 
the  starting  temperature  of  the  programmed  temperature  chromatograph.  It 
can  be  seen  from  Figure  11  that  curves  of  r/F  versus  Tr  tend  to  all  be 
roughly  of  the  same  shape  but  displaced  along  the  temperature  axis  according 
to  AH.  Thus  one  might  expect  rather  similar  behaviour  for  compounds  with 
low  AH  at  low  starting  temperatures  as  for  compounds  of  high  AH  at  high 
starting  temperatures. 

To  calculate  the  intrinsic  resolution  for  a  pair  of  compounds  the 
retention  temperatures  for  various  values  of  r/F  are  read  from  the  graph. 

The  isothermal  retention  volumes  corresponding  to  these  temperatures  can  be 
determined  by  equation  or  graph  and  the  respective  intrinsic  resolutions 
calculated. 

It  will  be  recalled  that  members  of  homologous  series  lie  relative 
to  each  other  in  general  trend  of  the  band  of  AH  -  A  values.  To  illustrate 
the  relation  between  adjacent  members  of  a  homologous  series  and  compounds 
for  different  series  a  number  of  pairs  were  chosen  from  the  typical  com¬ 
pounds  indicated  in  Figure  9.  For  various  starting  temperatures,  intrinsic 
resolution  was  examined  along  with  the  contributing  factors  TA  -  TB  and 

l/V  .  Plots  have  been  made  of  TA  -  Tp  and  1/vTr  against  r/F  and  of  intrinsic 
Tr 
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resolution  against  F/r.  These  are  shown  in  Figures  13  to  17  and  the  various 
situations  considered  in  these  figures  are  summarized  in  Figure  12.  The 
compounds  are  designated  in  terms  of  their  aH  and  A  values  as  shown  in 
Figure  9  and  the  pairs  for  which  intrinsic  resolution  was  calculated  are 
joined  by  heavy  lines.  low  starting  temperatures  are  illustrated  by  A,  B, 
and  C  and  high  starting  temperatures  by  D  and  E. 

The  reciprocal  isothermal  retention  volume  term,  l/V^v,,  increases 
with  r/F,  as  seen  in  each  of  Figures  13  to  17,  since  retention  temperature 
increases.  As  seen  in  Figures  lo  and  17  the  rate  of  increase  of  l/Vm  with 
temperature  falls  off  with  high  starting  temperature  since  there  is  only  a 
small  change  in  retention  temperatures  for  a  large  change  in  r/F. 

No  complete  generalization  can  be  made  about  the  term  T^  -  Tg 
except  that  it  is  zero  at  r/F  =  0.  For  relatively  high  starting  temperature 
Ta  -  T-g  increases  approximately  linearly  with  r/F  as  seen  in  Figures  1 6  and 
17. 

All  curves  relating  intrinsic  resolution  to  F/r  are  qualitatively 
of  the  same  shape.  The  intrinsic  resolution  reaches  a  maximum  value  which 
remains  approximately  constant.  There  is  some  variation  in  the  value  of 
F/r  at  which  a  steady  value  is  reached  but  for  most  pairs  of  compounds  it  is 
reached  between  F/r  10  and  20.  This  is  seen  in  Figure  13,  Figure  l4. 

Curves  2,  3  and  4,  and  in  Figure  15,  Curve  4. 

For  some  pairs  of  compounds  the  intrinsic  resolution  is  approximately 
constant  throughout  the  entire  range  of  F/r  examined  as  shown  in  Figure  14, 
Curve  1,  Figure  15,  Curves  1,  2  and  3,  Figure  16,  Curves  1,  2  and  3,  and 
in  Figure  17.  (The  limit  of  intrinsic  resolution  at  F/r  =  0  must  be  zero 
as  indicated  in  theory  section  heretofore  but  the  relationship  was  not 
studied  in  the  region  F/r  <  l)  Intrinsic  resolution  for  pairs  of  compounds 
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with  the  same  heats  of  solution  but  different  pre -exponential  factors  is 
relatively  constant  for  all  values  of  F/r  examined  as  shown  in  Figure  l4, 
Curve  1,  Figure  15,  Curve  2  and  Figure  l6,  Curve  3. 

Approximately  constant  intrinsic  resolution  is  also  obtained  when 
programs  have  been  started  at  relatively  high  temperatures.  Under  these 
conditions  T^  -  Tg  increases  approximately  linearly  with  r/F  and  the  l/V»p 
term  is  increasing  only  very  slowly  with  r/F.  Therefore,  intrinsic  reso¬ 
lution  remains  approximately  constant.  This  is  illustrated  in  Figures  1 6 
and  17 «  Here  it  may  be  noted  that,  as  anticipated,  for  the  compounds  with 
low  heats  of  solution  20°C  is  a  relatively  high  starting  temperature  com¬ 
parable  to  200°C  for  compounds  with  intermediate  or  high  heats  of  solution. 
Further  evidence  for  this  is  shown  in  Figure  13  and  Figure  15,  Curve  4 
where  for  a  program  starting  at  a  temperature  of  -l80°C.  or  less,  the  in¬ 
trinsic  resolution  to  F/r  relationship  of  a  pair  of  compounds  with  low  heats 
of  solution  is  similar  to  the  relationship  for  a  pair  of  compounds  with 
high  heats  of  solution  in  a  program  starting  at  a  temperature  of  20 °C. 

For  a  given  pair  of  compounds  the  intrinsic  resolution  is  greater 
at  a  lower  starting  temperature.  This  is  illustrated  by  Figure  13  and 
Figure  1 6,  Curve  1  for  compounds  with  low  heats  of  solution  and  by  Figure 
l4,  Curve  2  and  Figure  17  for  compounds  with  intermediate  heats  of  solution. 

Calculation  of  Intrinsic  Resolution  for  Two  Homologous  Series. 

To  further  illustrate  the  results  of  the  previous  section,  intrinsic 
resolution  and  its  component  factors  were  examined  ior  two  homologous  series 
using  reported  isothermal  retention  volumes.  Homologous  series  were  chosen 
because  of  the  usually  greater  interest  in  separation  of  members  of  such  a 
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Isothermal  retention  data  from  the  literature  for  two  series  were  used 
to  calculate  programmed  temperature  gas  chromatographic  behaviour  and  intrin¬ 
sic  resolution.  The  series  chosen  were  the  n-alcohols,  methyl  to  pentyl  on 
a  column  of  Silicone  702  as  given  by  Littlewood  et  al.  (39)  and  the  n-hydro- 
carbons  propane  to  octane  along  with  two  aromatic  halides  (ra-Br  toluene  and 
m-Cl  toluene)  on  a  column  of  Apiezon  L  as  given  by  Habgood  and  Harris  (26). 

In  Figure  l8  and  19  the  retention  characteristics  and  intrinsic  resolutions 
have  been  plotted  for  the  alcohols  and  the  hydrocarbons  respectively.  All 
plots  fall  into  the  pattern  set  in  the  previous  section.  It  might  be  noted 
that  the  situation  in  which  two  compounds  have  the  same  heats  of  solution 
but  different  pre -exponential  factors  is  approximately  illustrated  by  methyl 
and  ethyl  alcohols  on  Silicone  702,  There,  as  anticipated,  the  intrinsic 
resolution  is  relatively  constant  with  change  in  F/r. 

The  curves  of  TA  -  TB  versus  r/F  are  of  interest  in  that  it  has  been 
suggested  (5)  that  retention  temperature  is  always  a  linear  function  of 
carbon  number  (except  for,  possibly,  the  first  few  members  of  a  series). 

Thus,  (Ta  -  Tb)  should  be  constant  for  all  pairs  at  any  r/F.  It  can  be  seen 
in  Figures  l8  and  19  that  for  r/F  =  0.2  this  is  approximately  true  but  con¬ 
siderable  divergence  takes  place  at  other  values. 
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OVERALL  RESOUJTIOR 

As  shown  earlier  the  experimentally  observed  resolution  may  be 
expressed  as 

R  = 

Complete  prediction  involves  understanding  the  factors  governing  the 
number  of  theoretical  plates,  N.  These  factors  are  only  qualitatively 
known  at  present  but  since  N  appears  only  as  the  square  root,  the  effect 
of  variation  may  not  be  too  striking. 

The  variation  of  N  has  already  been  discussed.  N  is  a  maximum  at 
some  flow-rate,  F,  and  F,  for  maximum  N,  is  found  to  be  relatively  indepen¬ 
dent  of  temperature  (27).  Figure  3  (in  which  the  inverse  of  R,  H.E.T.P.  = 
L/N  has  been  plotted  against  temperature)  showed  that  N  first  increases 
somewhat  and  then  decreases  with  increasing  temperature,  the  decrease 
being  usually  more  significant  in  the  usual  temperature  range.  For  the 
n-hydrocarbon  series  on  Apiezon  L,  Habgood  and  Harris  have  also  shown  that 
R  increases  with  carbon  number.  This  was  illustrated  in  Figure  4  where 
H.E.T.P.  has  been  plotted  against  carbon  number. 

Comparison  with  Experiment 

Since  retention  temperature  decreases  with  increase  in  F/r,  then  for 
any  one  flow-rate  square  root  R  will  increase  and  thus  the  overall  reso¬ 
lution  will  increase  as  compared  with  the  steady  value  reached  by  intrinsic 
resolution.  Based  on  this  qualitative  picture  an  analysis  was  made  of 
resolution  observed  in  a  number  of  programmed  temperature  runs  with  n-hydro- 
carbons  and  aromatic  halides.  The  programs  were  as  follows: 

A.  r  =  1.6  deg. /min.,  F  =  44  ml. /min.,  F/r  =  27.5  ml. /deg. 

B.  r  =  17  deg. /min.,  F  =  45  ml. /min.,  F/r  =  2.6  ml. /deg. 
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C.  r  =  18  deg. /min. ,  F  =  10 6  ml. /min.,  F/r  =  6.0  ml. /deg. 

D.  r  =  3.7  deg. /min.,  F  =  120  ml. /min.,  F/r  =  32.1  ml. /deg. 

The  flow-rate  for  maximum  N  was  between  35  and  40  ml. /minute.  (The  chroma¬ 
tograms  were  obtained  in  connection  with  (26)  ).  The  results  are  shown  in 
Table  1. 

The  theoretical  predictions  which  can  be  made  are: 

(a)  F  was  selected  near  the  optimum  44  and  45  ml. /rain,  and  F/r  are  27.5 
and  2.6  respectively.  Resolution  in  program  A  should  be  greater  than  in 
program  B  since  the  F/r  ratio  is  in  the  region  of  high  intrinsic  resolution 
in  A  but  not  in  B.  Since  the  flow-rate  is  constant  the  contribution  of 
square  root  N  should  be  nearly  constant. 

(b)  F/r  was  almost  constant,  27»5  and  32.4  but  F  varied,  44  and  120  ml. /min. 
respectively.  Resolution  in  program  A  should  be  greater  than  in  program  D 
since  both  programs  are  in  the  region  of  high  intrinsic  resolution  but  the 
contribution  of  square  root  N  in  D  should  be  less  since  the  flow-rate  in 

D  is  far  above  the  optimum. 

The  resolution  of  the  pair  n-octane--n-heptsne  would  be  expected  to 
be  greater  than  the  resolution  for  the  pair  n-heptane — n-hexane  since  N  is 
larger  for  the  higher  members  of  this  series. 

(c)  F  was  almost  constant,  10b  and  120  ml. /min.  but  F/r  varied,  6.0  and 
32.4  respectively.  This  situation  is  similar  to  (a)  except  that  the  rela¬ 
tively  constant  flow-rate  is  far  above  the  optimum.  Therefore  the  resolution 
in  program  D  should  be  greater  than  in  program  C.  Thus  it  can  be  seen  that 
all  observed  resolutions  fall  qualitatively  into  the  predicted  pattern. 

Optimum  Conditions  for  Maximum  Resolution 

For  optimum  overall  resolution  a  flow-rate  should  be  selected  which 
will  give  close  to  maximum  N.  The  heating  rate  may  then  be  set  at  a  max- 
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imurn  limited  only  by  the  need  for  keeping  within  the  range  for  maximum 
intrinsic  resolution  (F/r  ratio  not  below  10 )  in  order  that  the  analysis 
may  be  carried  out  in  as  short  a  time  as  is  consistent  with  good  resolution. 
If  it  is  desired  to  decrease  the  time  of  analysis  still  further,  F  and  r 
should  both  be  increased  to  give  the  minimum  sacrifice  in  resolution. 
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TABLS  1 

Comparison  of  Resolutions  of  Some  Hydrocarbons 
and  Aromatic  Halides  for  Various  Programs 

PROGRAMS 


Program 

A 

B 

c 

D 

r  deg. /min. 

1.6 

17 

18 

3.7 

F  ml. /min. 

44 

106 

120 

F '  ml. /deg. 

27-5 

2.6 

6.0 

32.4 

OBSERVED  RESOLUTION 
(a)  F  near  optimum,  varying  F/r 


Resolution_ Theoretical  Prediction 

Program_ A_ B 

n -heptane  -  n-hexane  7*^-  3«0  A>B 

(b)  Constant  F/r,  varying  F 


Resolution  Theoretical  Prediction 


Program 

A 

D 

m-Br  toluene  -  m-Cl  toluene 

6.2 

A  >D 

n-octane  -  n -heptane 

8.0 

6.2 

A  >  D 

n -heptane  -  n-hexane 

7.4 

6.0 

A  >  D 

(c)  F  constant  and  above  optimum,  varying  F/r 

Resolution 

Theoretical  Prediction 

Program 

D 

c 

m-Br  toluene  -  m-Cl  toluene 

3.2 

D  >  C 

n-octane  -  n-hexane 

6.2 

3.1 

D  ^C 
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SUMMARY 

1.  A  brief  review  of  the  development  of  programmed  temperature  chroma¬ 
tography  from  conventional  isothermal  gas  chromatography  has  been 
made . 

2.  A  review  has  been  made  of  the  contribution  to  Height  Equivalent  to 

a  Theoretical  Plate  of  the  resistance  to  mss  transfer  with  particular 
reference  to  its  variation  with  temperature  and  with  carbon  number 
in  a  homologous  series* 

3*  An  examination  has  been  made  of  the  relationship  of  resolution  defined 

aS  „  VB  -  VA 

it  =  -*  '  ■  ■ 

l/2(WA  +  WB) 


where  V  is  the  retention  volume  and  W  the  base  width  for  components 

A  and  B  respectively,  to  fractional  band  impurity,  which  is  the 

-He 

fraction  of  one  component  contained  in  peak  or  band  of  the  other 
component.  A  graph  has  been  prepared  relating  these  two  quantities 
at  various  constant  values  of  oc  ,  the  ratio  of  retention  volumes 
and  of  N,  the  number  of  theoretical  plates. 

4.  An  expression  for  resolution  in  programmed  temperature  gas  chromato- 


5. 


graphy  has  been  developed 


F  (TA  " 

which  was  divided  into  two  parts,  the  iirst  — ■  y_  >  which 

is  dependent  on  solute— solvent  internet  ion  end  px’ogx'em  hcis  been  desig— 
nated  as  intrinsic  resolution,  R-^*  The  second,  J  il/-i ,  depends  only 
on  the  number  of  plates  as  determined  by  the  actual  packing  of  the 

column . 

While  the  intrinsic  resolution  for  any  particular  pair  of  compounds 


depends  only  on  the  program  as  specified  by  the  ratio  of  flow-rate  to 
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heating  rate  and  on  the  starting  temperature  it  was  not  found  possible 
to  find  a  perfectly  general  mathematical  expression  of  this  relation¬ 
ship.  Accordingly,  a  range  of  practical  situations  was  examined. 

6.  In  order  to  choose  examples  covering  all  pairs  of  compounds  of 
practical  interest,  isothermal  retention  data  which  have  been  reported 
over  a  range  of  temperatures  for  individual  compounds  were  examined. 
These  may  be  characterized  by  the  slope  and  intercept  of  the  log  — 
l/T  plot,  the  former  being  expressed  in  terms  of  heat  of  solution  AH 
and  the  latter  being  designated  as  pre -exponential  factor,  A.  It  was 
found  that  plots  of  log  A  against  A  H  fell  into  a  straight  line  for 
each  homologous  series  and  that  all  lines  were  approximately  parallel 
and  fell  within  a  narrow  band. 

7.  The  relationship  of  intrinsic  resolution,  R^,  and  its  component  factors, 
Ta  -  T33  and  l/Vp  to  program  and  retention  characteristics  has  been 
examined  graphically  for  a  number  of  hypothetical  compounds  which 
covered  the  range  of  substances  likely  to  be  encountered  in  practice. 
The  T a  -  Tg  versus  ~  curve  for  many  pairs  of  compounds  has  the  same 
general  shape.  For  high  starting  temperatures  TA  -  T 3  increases 
approximately  linearly  with  increase  in  r/F. 

The  l/Vrn  term  increases  with  r/F  since  retention  temperatures  are 
increasing.  The  rate  of  increase  becomes  smaller  as  the  starting 
temperature  of  the  program  is  raised.  It  was  found  that  xor  most  pairs 
of  compounds  the  curve  for  the  relationship  between  R-j_  and  F/r  was  of 
the  same  general  shape.  With  increasing  F/r  a  relatively  constant, 
value  of  Ri  was  reached.  The  value  of  F/r  for  which  Rp  had  reached  a 
relatively  constant  value  varied  somewhat  from  pair  to  pair  of  com¬ 
pounds  but  in  general  it  occurred  between  10  and  20. 
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8. 


9o 


10. 


ll. 


12. 


13. 


There  is  little  change  in  throughout  the  range  of  F/r  examined 
(l  to  100 )  for  pairs  of  compounds  under  certain  conditions,  namely: 

(a)  relatively  high  starting  temperature  (about  20°C  in  case  of 
compounds  having  heats  of  solution  of  2,000  to  3,000  and  about 
200 °C  in  case  of  compounds  with  heats  of  solution  9,000  to 
10,000). 

(b)  pairs  of  compounds  with  the  same  heats  of  solution  but 
different  pre -exponential  factors. 

The  relationship  of  intrinsic  resolution  to  program  and  retention 
characteristics  for  pairs  of  compounds  from  two  homologous  series — 
the  n-alcohols  and  the  n -hydro carbons  fell  into  the  pattern  set  by 
the  typical  compounds. 

The  T^  -  Tg  versus  r/F  curves  indicate  that  retention  temperature  is 
not  a  linear  function  of  carbon  number  as  has  been  suggested- since 
then  Tp,  -  Tg  would  be  constant  for  any  given  r/F  which  is  not  the 
case  except  perhaps  for  r/F  =  0.2. 

Qualitative  predictions  can  be  made  of  the  variation  of  observed 
overall  resolution  which  includes  the  effect  of  number  of  plates. 

These  were  tested  for  a  number  of  actual  programs  involving  normal 
hydrocarbons  and  qualitative  agreement  was  found. 

The  conditions  for  maximum  resolution  in  programmed  temperature  gas 
chromatography  are: 

(a)  flow-rate  near  the  optimum  for  maximum  N. 

(b)  F/r  ratio  greater  than  about  10. 

In  the  evaluation  of  the  relation  between  retention  temperature  and 
program,  a  method  for  the  analytic  evaluation  of  the  integral 
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has  been  developed  for  the  case  where  column  dead- 
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An  investigation  of  effect  of  column  dead-space  and  of  situations  where 
it  may  be  neglected  has  been  made. 
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APPBKDIX  I 

Relationship  Be ween  Resolution 
and  Fractional  Band  Impurity 

In  gas  chromatographic  separations,  fractional  band  impurity, 
which  is  the  fraction  of  one  solute  in  another  on  elution  from  the  column, 
has  been  defined  in  a  previous  section  in  terms  of  <  ,  the  separation 
factor®  Resolution  may  be  related  to  the  separation  factor  and  hence  to 
the  fractional  band  impurity  in  the  following  way: 

R  =  resolution  =  VA  -  Vp/  AVave^ 
oC  =  separation  factor  =  V^/Vg 
From  the  definition  of  N 

vAMvave  =  l/H/4 

thus 

r  =  vaU  -i)/Avave 

=  |/n(cC  -  l)/4 

If  N  is  held  constant,  then  R  may  be  calculated  for  various  values  of 
oC  and  the  fractional  band  impurity,  *1  ,  may  be  read  from  Glueckauf * s  (l8) 
plots  relating  number  of  plates,  separation  factor  and  fraction  band 
impurity. 

The  relation  between  fractional  band  impurity  and  resolution  is 
shown  in  Figure  20  for  a  number  of  values  oi  N«  Lines  oi  constant  are 
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APPENDIX  II 

Analytical  Evaluation  of  the  Relation  of  r/F 
and  Retention  Temperature 

Since,  as  will  he  shown  empirically  in  Appendix  III,  for  solutes 

appreciably  removed  from  the  air  peak,  the  relation  of  r/F  versus  retention 

temperature  is  not  greatly  affected  by  substituting  the  net  retention  volume 

(TR  dT 

for  Vrp,  the  integral  i  -k.  was  analytically  evaluated  as  follows: 

J  Tq  VT 

Vji  =  A  exp.  (  Uli/KI )  ( ne gle cting  column  dead-space)  (l) 


Substituting  in  the  integral  gives 

Tr 

’/F  =  -  -  i/a  exp.(-  Ah/RT)  dT 


(2) 


T, 


to  change  variables: 

Let  X  =  Ah/RT 

dT  =(-AH/RX2)  dX 
(l)  now  becomes 


r/F  =  -  AH/RA 


r  XR 


XO 


(e“X/X2)  dX 


=  -  AH/RA 
=  Zis/RA 


l  ( -e~X/x)  -  (e“X/X  )dX 


cO 


X- 


R 


X. 


(e'':R/XEU  e-}io/Xo)  +  '  (e"X/x)  dX  - 


(3) 

W 


CTVy  ' - j 

1  (e-;;/x)  dX  (5) 

Xfl  I 

The  value  of  the  exponential  integral  (e“^/x)  dX  has  been  tabulated 
for  various  values  of  X  and,  therefore,  equation  (5)  can  evaluated. 
ever,  at  present  the  tabulated  values  extend  only  to  X  =  15  end  therefore,  - oi 
a  starting  temperature  of  roughly  3^0 °K  the  integral  cannot  be  evaluated  j. oi 
heats  of  solution  higher  than  9,000  calories  per  mole.  In  view  of  the  fact 
that  tables  of  exponential  integrals  are  inadequate,  and  also  that  in  most 
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cases  numerical  integration  was  found  to  be  faster,  most  of  the  calculations 

were  done  by  numerical  integration. 
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APPENDIX  III 


Significance  of  Column  Dead-space  in  Calculation  of  Retention 
Temperatures  and  Intrinsic  Resolution. 

The  calculation  of  the  relationship  of  r/F  to  temperature  is  very 
much  simplified  if  the  contribution  of  column  dead-space  to  isothermal 
retention  volume  may  be  ignored.  Also  many  isothermal  retention  data  are 
quoted  without  giving  details  of  column  length  or  dead-space.  Therefore, 
a  comparison  was  made  between  values  obtained  when  dead-space  was  included 
in  the  calculation  and  when  it  was  excluded. 

The  contribution  of  dead- space  volume  is  important  both  directly 
in  the  calculation  of  the  curves  relating  retention  temperatures  and  r/F, 
and  in  the  calculation  of  resolution  which  depends  on  these  curves.  How¬ 
ever,  since  T^  -  Tg  is  a  factor  rather  than  temperature  directly,  the  net 
effect  on  resolution  is  difficult  to  estimate. 

Giddings  (15)  has  suggested  that  in  estimating  retention  temperature 
the  dead- space  may  safely  be  ignored  for  all  cases  of  practical  interest. 

One  would  expect  this  to  be  true  for  compounds  with  retention  volumes  much 
greater  than  air.  Figure  25,  Curves  4,  6  and  7  show  that  the  contribution 
of  column  dead- space  to  the  calculation  of  retention  temperature  is  not 
negligible  for  all  compounds.  Curves  8  and  9  indicate  that  for  compounds 
with  high  heats  of  solution  at  a  low  starting  temperature,  the  contribution 
of  column  dead -space  may  be  ignored. 

An  examination  of  the  contribution  of  dead-space  to  retention 
temperature  and  to  intrinsic  resolution  was  made  for  two  pairs  of  compounds. 
One  of  the  pairs  of  compounds  had  relatively  high  heats  of  solution  and  the 
other  pair  relatively  low.  The  retention  characteristics  of  compounds  with 
high  heats  of  solution  at  high  starting  temperatures  would  be  expected  to 
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be  similar  to  the  retention  characteristics  of  compounds  with  low  heats 
of  solution  at  relatively  low  starting  temperatures.  Therefore,  these 
two  situations  were  examined.  For  the  pair  of  compounds  characterized  by 
10“3*5  10,000  and  10“-;  9,000  which  are  similar  to  successive  members  of  a 
homologous  series,  at  a  starting  temperature  of  20°C,  Figure  21  shows  that 
the  intrinsic  resolution  versus  F/r  curve  obtained  by  ignoring  the  dead- 
space  is  the  same  as  the  intrinsic  resolution  versus  F/r  curve  where  the 
dead-space  has  been  included  in  the  calculation.  However,  for  a  second 
pair  of  compounds  characterized  by  10 _1  2,000  and  10_1*3  3,000^  starting 
temperature  of  20°C,  Figure  22  of  TA  -  TB,  l/VT  and  intrinsic  resolution 
shows  that  the  dead- space  may  not  be  ignored,  since  the  retention  volume 
is  not  large  in  comparison  with  dead -space  volume  (  V«t /  4o).  The 
usual  situation  is  that  the  column  dead-space  may  be  ignored  since  the 
great  majority  of  compounds  will  have  retention  volumes  much  larger  than 
the  dead -space  volume, 

A  further  examination  was  made  of  these  two  pairs  of  compounds  for 
programs  where  the  integrals  have  been  calculated  from  a  starting  temper¬ 
ature  of  absolute  zero  to  higher  temperatures  in  the  case  of  the  compounds 
with  the  low  heats  of  solution  and  from  200 °C  for  the  compounds  with  the 
higher  heats  of  solution.  Plots  of  intrinsic  resolution  and  the  factors 
thereof  are  shown  in  Figures  23  and  2b.  The  intrinsic  resolution  of  the 
pair  of  compounds  represented  by  Zo  H  =  9,000  and  10,000  is  then  dependent 
on  whether  or  not  the  column  dead-space  has  been  included  in  the  calcu¬ 
lation.  For  the  pair  of  compounds  represented  by  A  H  =  2,000  and  3 j000 , 
the  contribution  of  column  dead- space  to  retention  temperatures  and  to 
intrinsic  resolution  is  still  not  negligible.  Therefore,  column  dead-space 
may  never  be  ignored  when  dealing  with  compounds  which  have  low  heats  of 


solution. 
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The  retention  temperature  where  column  dead-space  is  included  may 
he  calculated  from  the  retention  temperature  where  dead -space  has  been 
excluded,  in  certain  cases.  In  Figure  25  the  retention  temperature 
differences,  -  Tp*  (where  and  Tr*  have  been  calculated  including  and 
excluding,  respectively,  the  column  dead-space)  is  plotted  against  r/F. 

For  comparative  purposes  the  difference  between  the  starting  temperature 
and  the  retention  temperature  of  air  (assuming  no  absorption  of  air  in  the 
liquid  phase)  has  been  plotted  against  r/F.  It  is  seen  that  for  compara¬ 
tively  high  starting  temperatures,  (e.g.  T0  =  20 °C  for  low  a.  H  compounds) 
the  retention  temperature  can  be  calculated  by  adding  to  the  value  obtained 
when  dead-space  has  been  ignored,  the  difference  between  the  starting 
temperature  and  the  retention  temperature  for  air. 
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